Alveolar epithelial cells (AEC) maintain integrity of the blood-gas barrier with gasket-like intercellular tight junctions (TJ) that are anchored internally to the actin cytoskeleton. We hypothesize that stretch rapidly reorganizes actin (<10>min) into a perijunctional actin ring (PJAR) in a manner that is dependent on magnitude and frequency of the stretch, accompanied by spontaneous movement of actin-anchored receptors at the plasma membrane. Primary AEC monolayers were stretched biaxially to create a change in surface area (ΔSA) of 12%, 25%, or 37% in a cyclic manner at 0.25 Hz for up to 60 min, or held tonic at 25% ΔSA for up to 60 min, or left unstretched. By 10 min of stretch PJARs were evident in 25% and 37% ΔSA at 0.25 Hz, but not for 12% ΔSA at 0.25 Hz, or at tonic 25% ΔSA, or with no stretch. Treatment with 1 μM jasplakinolide abolished stretch-induced PJAR formation, however. As a rough index of remodeling rate, we measured spontaneous motions of 5-μm microbeads bound to actin focal adhesion complexes on the apical membrane surfaces; within 1 min of exposure to ΔSA of 25% and 37%, these motions increased substantially, increased with increasing stretch frequency, and were consistent with our mechanistic hypothesis. With a tonic stretch, however, the spontaneous motion of microbeads attenuated back to unstretched levels, whereas PJAR remained unchanged. Stretch did not increase spontaneous microbead motion in human alveolar epithelial adenocarcinoma A549 monolayers, confirming that this actin remodeling response to stretch was a cell-type specific response. In summary, stretch of primary rat AEC monolayers forms PJARs and rapidly reorganized actin binding sites at the plasma membrane in a manner dependent on stretch magnitude and frequency. 
MATERIALS AND METHODS
Primary rat type 1-like alveolar epithelial cell isolation. Alveolar type II cells were isolated from male SpragueDawley rats based on a method reported by Dobbs et al. (17) with slight modification (56) . The animal protocols used in this study were reviewed and approved by the University of Pennsylvania IACUC. Cells were seeded at 1.0 million cells/cm onto fibronectincoated (10 μg/cm , Invitrogen, Carlsbad, CA) flexible Silastic membranes (Specialty Manufacturing, Saginaw, MI) in customdesigned wells (55) . The cells were cultured for 5 days at 37°C, 5% CO in MEM with 10% FBS replaced daily. After 5 days, the cells had adopted alveolar type I (ATI) features (4, 12, 14, 15, 39, 45) , including the expression of RTI40, and had grown to a confluent monolayer. Monolayers were then serum deprived in Dulbecco's MEM (DMEM, Mediatech, Manassas, VA) supplemented with 20 mM HEPES for 3 h (unless stated otherwise) and stretched biaxially across a range of physiological relevant magnitudes including at 12%, 25%, or 37% ΔSA roughly corresponding to 64%, 86%, and 100% total lung capacity, respectively (55) . Because stretch rate also significantly affects the alveolar cell monolayer viability and permeability (14, 56) , both sustained tonic and cyclic stretch modes were investigated. Sustained tonic stretch (0 Hz, held at stretch) was used to model alveoli held at partial (residual) inflation. Cyclic (sinusoidal) stretch (0.25 Hz) was used to model ventilation.
PJAR quantification. Primary rat AEC monolayers were stretched biaxially at 12%, 25%, or 37% ΔSA cyclically at 0.25 Hz for 0 (unstretched), 1, 10, or 60 min. An additional group of monolayers were stretched at 25% ΔSA and held (sustained tonic, 0 Hz) at stretch for the same durations. At the end of the stretch period, monolayers were fixed with 1.5% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in phosphatebuffered saline (PBS) for 15 min, permeabilized using 0.1% Triton X100 in PBS for 5 min, and blocked with 5% goat serum in PBS for 1 h. Wells were double stained (in 5% goat serum in PBS for 1 h at 23°C) for Factin (phalloidin, Invitrogen, Carlsbad, CA) to evaluate PJAR and zona occludens1 (ZO1; antiZO1 antibody, Invitrogen) to identify the location of the cell plasma membrane.
Both red (Factin) and green (ZO1) channels of two random microscope fields from each labeled monolayer were captured (×40 objective) on an epifluorescent scope (Nikon) using identical exposure times for all images of each type. Each field was divided into a 3 × 3 matrix of regions, and every other region (5 regions) was systematically selected for analysis. In each region, all cells with at least 50% of its area residing in the region were evaluated, typically 16 cells per field. The perijunctional Factin fluorescent intensity of each cell was analyzed (ImageJ, version 1.43j) by tracing the peripheral ZO1 (see Fig. 2 , top inset), superimposing this ZO1 trace onto the same cell stained for Factin (see Fig. 2 , bottom inset) and enlarging the trace line thickness radially inward and outward to create a boundary zone for further analysis ∼1.6μm thick (average PJAR thickness from a small sample study, Fig. 2 
, bottom inset, white contours). Mean
Factin fluorescent intensity in this peripheral annulus (A ) was measured. Whole cell Factin mean fluorescent intensity (W ) was determined, including annulus and cell interior. PJAR intensity (P ) was found by taking the ratio of peripheral annulus mean intensity to whole cell mean intensity (P = A /W ). For each experimental group, P was evaluated based on an average 32 cells (2 fields) per animal from at least 4 different animals. With the use of Dunnett's test with 0 min stretch (unstretched, UNS) as reference, mean P for each sample (monolayer) was evaluated for each stretch magnitude across time and at each time point across stretch magnitude (12, 25, 37% ΔSA) and frequency (dynamic and tonic). Significance was defined as P < 0.05. Fig. 2 . PJAR intensity (P ) was found by taking the ratio of peripheral annulus Factin mean intensity to whole cell Factin mean intensity (P = A /W ) and plotted as a function of stretch magnitude, time, and frequency. P was significantly higher than UNS ... Actin-mediated binding site movement. Spontaneous nanoscale motions of microbeads attached to cell surface integrin receptors were monitored to assess a mechanism of the molecular scale cytoskeletal rearrangement (2, 7, 8, 47) . The receptors are linked internally to the actin cytoskeleton (2, 8, 53) . Rat type 1like AEC monolayers that had been maintained in culture for 4 days were then serum deprived overnight in DMEM + HEPES. Ferrimagnetic microbeads (5 μm diameter, provided by Harvard School of Public Health, Boston, MA) were coated at 150 μg peptide per 1mg beads with either ArgGlyAsp (RGD, SigmaAldrich, St. Louis, MO) for adhesion to actin anchored (35) transmembrane integrin receptors (60, 64, 68) or acetylated lowdensity lipoprotein (AcLDL, Invitrogen), a protein complex that binds scavenger receptors but not focal adhesion complexes, as nonspecific control (43, 44, 64) , then introduced onto cell monolayers. Adherent microbeads (see Fig. 3B , inset top and bottom) were serially imaged through a ×20 objective (Nikon) at 1 Hz on a phasecontrast epifluorescent scope in 5min epochs, first in monolayers at rest. The monolayers were then immediately stretched biaxially to 25% or 37% ΔSA and held (sustained tonic stretch) and imaged during stretch (5min image acquisition, see top timeline in Fig. 3A) . Microbeads attached to unstretched (UNS) cells imaged at the same intervals for the same duration served as controls (see bottom timeline, Fig. 3A ). An additional group of rat type 1like AEC monolayers were stretched cyclically (0.25 Hz) for a total of 40 min, imaged at similar intervals for 5 min at rest, and analyzed similarly (see middle timeline, Fig. 3A ). Each 5min (300 frames) epoch of images was analyzed by using a novel MATLAB (version 6.5 R13, The MathWorks, Natick, MA)
program that determines the center of mass of each microbead, tracking it for the duration of the stretch (Fig. 3D , inset) while removing erroneous whole field displacement caused by microscope stage or Silastic membrane movement during image capture by subtracting the median x and y displacement components of all microbeads from the x and y displacement components of each microbead, respectively.
Using bead coordinates, we calculated the mean square displacement (MSD) of each microbead:
where r(t) is the microbead position at time t, and Δt is the time between measurements (time lag).
When microbeads were coated with AcLDL, MSD was hypothesized to be a measure of binding site fluidity within the plasma membrane; when microbeads were coated with RGD, MSD was hypothesized to be a measure of actin remodeling within the cytoskeleton (2, 7, 8, 47) . MSD , the total mean squared displacement over 100 s (Δt = 100 s, Fig. 3B ), of each microbead was evaluated by averaging total MSD from every 100 s long window of time contained within the 5min image capture epoch (200 total windows). Median MSD of all microbeads in each monolayer (average of 125 analyzed microbeads per monolayer) was then calculated and used as the measure of actin binding site movement. Median was used because MSD has a lognormal distribution (7) and to remove rare, yet potentially mean confounding, erroneous bead tracks (beads attached to monolayer impurities or adjacent beads, improperly identified beads, nonadherent beads) from the sample. The median MSD value during stretch of each monolayer was divided by its respective median MSD value just before stretch (stretch time = 0 min) to determine normalized MSD (nMSD ) of the monolayer. nMSD was used to compare across stretch regimens, durations, and cell types. Normalization was performed at each stretch duration to standardize a sample to help account for sampletosample variations in initial MSD as result of variation in microscope stage temperature and monolayer handling.
To test the effect of stretch and treatment, nMSD values were compared with timematched unstretched and untreated controls, respectively, using an ANOVA with Dunnett's test. To test the effect of stretch time, nMSD values were compared with their prestretch values using a Dunnetts oneway ANOVA for repeated measures.
RESULTS
PJAR formation is rapid (<10 min) and dependent on stretch magnitude and frequency. The phalloidinstained Factin cytoskeleton in primary rat type 1like AEC monolayers stretched biaxially reveals qualitative evidence of PJAR by 10 min persisting up to 60 min in 25% ΔSA and 37% ΔSA 0.25 Hz (Fig. 1A , panels 3 and 4, respectively) stretched monolayers. In contrast, UNS monolayers and monolayers stretched at 12% ΔSA 0.25 Hz for 60 min displayed homogenous actin morphology (Fig. 1A, panels 1 and 2 , respectively). Monolayers held sustained tonic stretch at 25% ΔSA reveal evidence of PJAR at 60 min (Fig. 1A, panel 5 ). For comparison with microbead tracking data, qualitative Factin in images obtained at 40 min stretch (not shown) are comparable with images obtained at 60 min stretch for each group. These qualitative observations of rapid PJAR formation correlated well with the quantitative metrics. PJAR intensity (P ) was significantly higher than UNS by 1 min in monolayers stretched at 37% ΔSA 0.25 Hz and by 10 min in monolayers stretched at 25% ΔSA 0.25 Hz (Fig. 2 , dark grey bars and light grey bars, respectively) but was not significantly different in monolayers stretched at 12% ΔSA 0.25 Hz (white bars) at any time. At 60 min of stretch, P was significantly higher in monolayers stretched at 37% ΔSA 0.25 Hz and 25%
ΔSA tonic and 0.25 Hz compared with both 12% ΔSA 0.25 Hz and UNS. Thus P showed a dependence on both stretch magnitude and stretch frequency.
We hypothesized that actin cytoskeleton remodeling during formation of PJAR in stretched AEC monolayers would be accompanied by an increase in the movement of microbeads coated with the ArgGlyAsp (RGD) peptide sequence specifically binding to apical cell surface transmembrane integrin receptors that anchor to the cytoskeleton. Qualitative PJAR formation data corroborates well with microbead tracking data, showing significant actin remodeling in 25% and 37% ΔSA tonic (0 Hz) and dynamic (0.25 Hz) stretched monolayers after 1 min (Fig. 3 , C and D, respectively). Also, similar to quantitative P data, the microbeads adhered to the RGD receptors showed an effect of stretch magnitude and frequency at 1 min of stretch, such that nMSD (mean squared displacement during 100 s normalized to unstretched values) was significantly higher in both 25% and 37% ΔSA held (sustained tonic) stretched (Fig. 3C ) and cyclic (0.25 Hz) stretched monolayers (Fig. 3D ) compared with their unstretched values. Furthermore, at 1 min stretch nMSD was even greater in 37%
ΔSA sustained tonic compared with 25% ΔSA sustained tonic (Fig. 3C) . Finally, at 1 min nMSD was greater in 25% ΔSA 0.25 Hz when compared with 25% ΔSA sustained tonic stretch (Fig. 3, D vs. C). Thus actin movement at the cell membrane significantly increased at 1 min of stretch compared with the unstretched time point and, similar to P , was sensitive to stretch magnitude and frequency.
Although qualitative images and quantitative PJAR formation showed PJAR persistence for stretch duration, the spontaneous movement of anchored RGDcoated microbeads dropped precipitously after 1 min, back to prestretch levels for all stretch conditions (Fig. 3, C and D) .
The one exemption was at 40 min in the 25% ΔSA 0.25Hz stretched monolayer group where nMSD was also higher than unstretched at this time point. Also, at longer stretch durations (≥10-40 min), spontaneous microbead movement showed no dependence on stretch magnitude. Finally, nMSD in unstretched monolayers significantly decreased by 10 min, remaining constant (except at 30 min, which was not different from time = 0) for the duration of time in the sustained tonic group, but not in the cyclic group.
Stretch-induced PJAR formation can be inhibited with jasplakinolide and latrunculin-A. Treatment with jasplakinolide was used to stabilize the actin cytoskeleton (5, 6). Monolayers treated with 1 μM jasplakinolide for 10 min and then stretched 25% ΔSA 0.25 Hz showed no qualitative evidence of PJAR formation when fixed and labeled with F/Gactin antibody (Fig. 1B, bottom right) . For comparison, consider monolayers stretched at the same magnitude and duration with vehicle control (Fig. 1B, bottom left) . Thus we conclude actin stabilization with jasplakinolide pretreatment inhibits actin binding site movement and formation of PJAR in stretched monolayers.
Hypothesizing that actin reorganization requires depolymerization (inhibited by jasplakinolide) and repolymerization, we used latrunculin A to inhibit actin repolymerization (70) in stretched monolayers. Monolayers exposed to (sustained tonic) stretch of 25% ΔSA, 0.1 μM latrunculinA pretreatment attenuated the rapid (<1 min) increase in the spontaneous movement of microbeads attached to integrin receptors (Fig. 3C, inset) found in untreated monolayers. Thus pretreatment with latrunculinA abolished stretchinduced actin binding site remodeling. in both unstretched and held (sustained tonic) stretch of 37% ΔSA for up to 40 min (Fig. 4, inset) . Thus A549 cells display no stretch induced actin remodeling. Similarly, A549 monolayers held stretched at 25% and 37% ΔSA displayed no significant response in nMSD (Fig. 4) . In unstretched A549 monolayers, tracking microbeads attached to A549 integrin receptors display a significant decrease in nMSD by 20 min and continuing for the duration of stretch compared with the 0 min time point (Fig. 4, also Fig. 3B ). Untreated, unstretched primary AEC monolayers from the sustained tonic group displayed a similar decrease in nMSD by 10 min lasting for the duration. However, unlike the progressive decrease in nMSD in unstretched A549 cells, nMSD in untreated unstretched primary AEC monolayers did not decline further. Microbead tracking specificity to actin cytoskeleton movement. To confirm that spontaneous microbead movement was specific to the reorganization of the actin cytoskeleton, additional primary AEC monolayers were incubated with microbeads coated with AcLDL, a protein complex that has been shown to bind scavenger receptors, but not focal adhesion complexes, as nonspecific control (43, 44, 64) .
As hypothesized, stretch of primary AEC monolayers with AcLDLcoated microbeads showed no significant change in nMSD compared with the unstretched time point as well as timematched unstretched controls (Fig. 3C, inset) , which similarly showed no change over time compared with time = 0 min (not shown). As further evidence of actinspecific binding, latrunculinA and jasplakinolide attenuated MSD (previous section).
DISCUSSION
Methodological limitations. The measurement of microbead movement was restricted in three ways. First, the microbeads were attached only to the apical plasma membrane and may not have assessed actin reorganization deeper within the cell. However, type 1like AEC monolayers are relatively flat (average thickness of 3.19 ± 0.16 μm SE). Furthermore, Hu et al. (24) tracked microbead displacements as a result of stress fiber remodeling events that were up to 30 μm away from microbead center. Thus the entire actin cytoskeleton of a rat type 1like AEC is well within the spatial sensitivity of the microbead tracking method. Second, a single microbead was attached to many surfaceexpressed receptors of a cell. Thus spontaneous microbead motion represented average movement of many receptors bound internally to the actin cytoskeleton. Because an ensemble of beads was tracked over a period of time, we speculate bead motion represented the summation of all actin remodeling (e.g., depolymerization, polymerization, and spatial redistribution) events in the monolayer during the 5min observation windows. Third, measurement was limited to the actin that was attached [via talin (23) ] to cell surface integrin receptors, which themselves adhere to the microbeads. Therefore, the microbead motion is an indirect measure of actin movement, and that movement may be influenced further by stressmediated integrinactin linkage reinforcement, previously shown in fibroblasts (13) .
PJAR formation is rapid (<10 min) and dependent on stretch magnitude and frequency. Consistent with our hypothesis, PJAR formed rapidly (<10 min) and was sustained (up to 60 min) in rat type 1like AEC monolayers at high magnitude (25% and 37% ΔSA) cyclic stretch but not at lower stretch magnitudes (12% ΔSA). Others have demonstrated comparable rapid stress fiber formation in fibroblasts (42) and endothelial cells subjected to uniaxial stretch (25, 51, 63) . Formation of PJAR was previously shown in biaxially stretched primary AEC monolayers (39) and endothelial cells (63) and postulated to be a cellular response that redistributes the actin cytoskeleton to areas of least cellular strain (52, 63) . Consistent with this theory, we find that rapid formation of PJAR is synchronous with the increase in spontaneous microbead movement. Others report a similar rapid integrinmediated actin movement to stretch in human airway smooth muscle With prolonged cyclic stretch, the initial spontaneous movement of microbeads was attenuated back to unstretched levels for the duration of stretch, and steadystate MSD levels were unaffected by stretch magnitude or stretch frequency. This finding suggests the mechanism of actin remodeling into PJAR took place rapidly (<1 min) during stretch and then ceased with sustained stretch, despite persistence of PJAR. Thus, after transient fluidization at stretch onset, the cell returns to its more solidlike state with sustained stretch, a finding similar to that after stretch release of HASM cells (8, 28, 53) . Once formed, PJAR structure may require only a baseline actin remodeling rate for maintenance of the new organization, a rate similar to the homogeneous actin structure found in unstretched monolayers. Further investigation is needed to elucidate whether rapid formation of PJAR is due to active biochemical signaling cascades, passive mechanical forces, or both.
The magnitude dependence of PJAR intensity correlates with an increase in paracellular permeability at high magnitude stretch and no change in paracellular permeability at low magnitude stretch (9, 10). These findings strengthen the hypothesis that the actin cytoskeleton is integral to TJ barrier maintenance in primary AEC monolayers. Others have shown PJAR and TJ are intimately linked (34) and that modification of the actin cytoskeleton results in changes in TJmediated paracellular permeability (11, 31, 33) . We speculate that the reorganization of actin might result in a physical separation of actin and TJ protein, thus diminishing the cellular ability to mediate paracellular permeability.
Stretch-induced PJAR formation can be inhibited with jasplakinolide and latrunculin-A. Previously, we reported that treatment with 1 μM jasplakinolide reduced, but did not abolish, the stretchinduced increase in paracellular permeability in primary rat AEC monolayers stretched at 37% ΔSA (9). Here we show that we abolish formation of PJAR during stretch to 25% ΔSA by pretreating monolayers with 1 μM jasplakinolide, an actinstabilizing agent that inhibits depolymerization. In addition, treatment with latrunculinA effectively (54), is not found in unstretched untreated rat type 1like AEC monolayers. The process of stiffening has been shown to exhibit a progressive decrease in microbead movement and exhibit similarities to physical aging (8), a phenomenon found in some glassy materials (46) . In aging systems, molecular networks constantly advance to microconfigurations that are progressively more stable but do so at a speed that is slower than any exponential process (40) . We conclude that the actin arrangement and response to stretch of A549 cells is significantly different from that in primary alveolar epithelial cells.
Summary. We have demonstrated that actin rearranges rapidly in primary AEC monolayers to form perijunctional actin ring during biaxial stretch and that formation depends on stretch magnitude and frequency. We have shown mechanistically that PJAR formation was synchronous with an increase in actin binding site movement, which was attenuated to baseline levels by 10 min. These data reveal that highmagnitude biaxial stretch within the physiological range increases the fluidity of the actin cytoskeleton, which reorganizes to form PJARs. Together with our previously published studies demonstrating that similarly large stretch magnitudes and rates adversely affect monolayer permeability (9, 14), we further speculate that rapid actin cytoskeleton reorganization has a deleterious effect on paracellular permeability. Future studies will investigate the effect of actin remodeling pathway inhibitors on retaining paracellular barrier properties during stretch to explore opportunities to prevent ventilatorinduced lung injury. 
